The neurons of the locus ceruleus are responsible for most of the noradrenergic innervation in the brain and nicotine potentiates noradrenaline release from their terminals. Here we investigated the diversity and subcellular distribution of nicotinic acetylcholine receptors (nAChRs) in the locus ceruleus both somatically, by combining single-cell reverse transcription-PCR with electrophysiological characterization, and at the level of nerve terminals, by conducting noradrenaline efflux experiments. The proportion of neurons in the locus ceruleus expressing the nicotinic subunit mRNAs varied from 100% (␤2) to 3% (␣2). Yet, two populations of neurons could be distinguished on the basis of the pattern of expression of nAChR mRNAs and electrophysiological properties. One population (type A) of small cells systematically expressed ␣3 and ␤4 mRNAs (and often ␣6, ␤3, ␣5, ␣4), and nicotinic agonists elicited large currents with a potency order of cytisine > nicotine. Another population (type B) of cells with large soma did not contain ␣3 and ␤4 mRNAs but, systematically, ␣6 and ␤3 (and often ␣4) and responded to nicotinic agonists in the order of nicotine > cytisine. The nicotinic modulation of noradrenaline release in the hippocampus displayed an order of potency nicotine > cytisine, suggesting that noradrenergic terminals in the hippocampus originate largely from type B cells of the locus ceruleus. Accordingly, immunocytochemical labeling showed that ␤3 is present in hippocampal terminals. The ␣6␤3␤2(␣4) heterooligomer thus behaves as the main nicotinic regulator of the ceruleo-hippocampal pathway.
B
rain nicotinic acetylcholine receptors (nAChRs) are heteropentameric ligand-gated ion channels that result from the combinatorial assembly of up to nine different subunits (␣2-7, ␤2-4) (1). These subunits are differentially expressed throughout the central nervous system (2-6) and contribute to a wide diversity of brain functions and pathologies (7, 8) . The large number of possible subunit combinations allows the formation of many different subtypes of nAChRs. However, the small number of subunits expressed by a single neuron restrains the number of possible combinations of subunit. Furthermore, preferential association of subunits has been demonstrated in neurons containing a large number of nAChR subunits (9) .
Immunoprecipitation studies have demonstrated the existence of two main subtypes of nAChRs in the mammalian brain: ␣4␤2 heteromers (10) and ␣7 homomers (11) . Several other associations have been demonstrated in chicken autonomic ganglia, such as ␣3␤4(␤2)␣5 (12) , and in chicken retina, such as ␣4␤2␣5 (13) and ␣6␤4␤3 (14) . Furthermore, only a limited number of pharmacological tools is available to discriminate between various forms of nAChR in the nervous system. However, at least three pharmacological classes of nAChRs may be distinguished on the basis of a subunit composition including ␣7, ␤2, or ␤4 (15, 16) . Cytisine is a partial agonist in ␤2-containing nAChRs but it is more efficient than nicotine in ␤4-containing nAChRs. These results, first established in oocytes experiments (17) , have been confirmed for native nAChRs in mice lacking the ␤2 subunit (16, 18) . nAChRs containing the ␣7 subunit produce fastdesensitizing currents that are sensitive to ␣-bungarotoxin and methyllicaconitine in oocyte experiments (5, 19) , and these properties have been confirmed with mice lacking the ␣7 subunit (20) .
The present study focuses on locus ceruleus (LC) neurons, which are the source of the ascending brain noradrenergic innervation and are involved in the control of vigilance and in emotional activation (see review in ref. 21) . In this structure, most nicotinic subunits mRNAs are expressed. Functional responses to nicotine in LC neurons have been demonstrated in electrophysiological experiments (22) , and nAChRs are also present on LC nerve terminals (23) (24) (25) . However, there is still a large uncertainty in the subtypes of nAChRs present in the noradrenergic neurons.
We have studied the distribution of nAChR subunits in the noradrenergic neurons with the technique of single-cell reverse transcription-PCR (RT-PCR) (26) combined with electrophysiological characterization to investigate specific coexpression of subunits in single neurons and identify the corresponding nAChRs oligomers in the cell body. We also studied presynaptic and ''preterminal'' (27) nAChRs on LC noradrenergic terminals in the hippocampus.
Methods
Preparation of the Slices and Solutions. Young Sprague-Dawley rats (16-22 days old) were anesthetized with pentobarbital and then decapitated, and their brain was removed rapidly and placed in ice-cold Krebs solution: 126 mM NaCl͞26 mM NaHCO 3 ͞25 mM glucose͞1.25 mM NaH 2 PO 4 ͞2.5 mM KCl͞2 mM CaCl 2 ͞1 mM MgCl 2 bubbled with 95% O 2 and 5% CO 2 . Slices (300-m thick) were obtained as described previously (28). The drugs were applied locally in a solution containing 150 mM NaCl, 10 mM Hepes, 2 mM CaCl 2 , 1 mM MgCl 2 , and 2.5 mM KCl (pH 7.3 with NaOH). In fast-application experiments, the drugs were pressure-applied through a patch pipette during 5-20 ms (29) .
Electrophysiological Recordings. The patch pipettes were pulled from thin, hard glass tubes (Hilgenberg, Malsfeld, Germany) with a P-87 Sutter Instruments (Novato, CA) puller and filled with 135 mM CsCl͞10 mM 1,2-bis(2-aminophenoxy)ethane-N,N,NЈ,NЈ-tetraacetate (BAPTA)͞10 mM Hepes͞5 mM MgCl 2 ͞4 mM Na 2 ATP (pH 7.3) yielding a 2-to 3-M⍀ resistance. When RT-PCR was performed on the neurons, the intracellular medium was 140 mM KCl͞3 mM MgCl 2 ͞10 mM BAPTA͞10 mM Hepes, pH 7.2. Voltage clamp experiments were performed with an Axopatch1D amplifier (Axon Instruments). The LC neurons were easily identified under the microscope (Axioscope; Zeiss). All neurons exhibited a multiphasic capacitance transient, indicating the presence of multiple electric compartments.
Capacitance measurement was performed by correcting the first exponential component at the beginning of recordings. Membrane resistance was measured by using the asymptotic current elicited by a 1-to 10-mV negative voltage jump. The holding membrane potential was usually set to Ϫ70 mV. The duration of the recordings was limited to 5-10 min per cell when RT-PCR was performed, because longer duration reduced the success of RT-PCR in preliminary experiments.
Drugs and Chemicals. All drugs were purchased from Sigma.
Cytoplasm Harvest and RT. At the end of the recording, the content of the neuron was aspired in the recording pipette by application of a negative pressure under visual control. The content of the pipette was expelled into a test tube, RT was performed in a final volume of 10 l as in Lambolez et al. (26) , and the mix was incubated overnight at 37°C in an air incubator.
Multiplex PCR. The following set of primers were used (from 5Ј to 3Ј, position 1 being the first base of the start codon), which were located in different exons. Specific endonuclease for the different cDNAs and their cut position are also given. The resulting cDNAs of nAChR subunits ␣2-7, ␤2-4, GAD65-67, and TH contained in a 10-l RT reaction first were amplified simultaneously. Taq polymerase (2.5 units) (Qiagen) and 10 pmol of each of the 21 primers were added in the buffer supplied by the manufacturer (final volume, 100 l), and 20 cycles (94°C, 1 min; 60°C, 1 min; 72°C, 1 min) of PCR were run. Second rounds of PCR then were performed by using 2 l of the first PCR as template (final volume, 50 l). In this second PCR, each cDNA was amplified individually by using its specific primer pair (excepted for GAD65 and GAD67, which are performed together) by performing 40 PCR cycles as described above.
Then 20 l of each PCR were run on a 2% agarose gel. To confirm the specificity of PCR product, the last 30 l was purified on a QIAquick spin column (Qiagen) and was restricted with specific endonucleases (30) . The products digested yielded uniquely identifying fragments.
The possibility of contamination by nAChR subunit cDNAs used in the laboratory was ruled out by inclusion of a template minus negative control (by routinely aspirating extracellular solution near harvested neurons) in our experiments. To limit the number of cells with poor retrieval and͞or RT-PCR, we used only the results from neurons that were found to express the tyrosine hydroxylase gene (involved in the synthesis of noradrenaline) and the subunit ␤2 (normally present in all neurons; ref. 32 ). All cells found to express glutamic acid decarboxylase (GAD) were removed from the set of neurons taken into account (n ϭ 7).
Neurotransmitter Superfusion Release. Sprague-Dawley rats (200-300 g) were decapitated and the brain was dissected rapidly on ice. The dorsal third of the hippocampus was cut transversely (300 m) in a DSK-1000 slicer (Dosaka, Kyoto). The slices were incubated in the presence of 100 nM [ 3 H]norepinephrine (48 Ci͞mmol; Amersham) and 10 M pargyline for 30 min at 36°C in Krebs buffer containing 120 mM NaCl, 2.5 mM KCl, 1.2 mM NaH 2 PO 4 , 2 mM CaCl 2 , 1.2 mM MgSO 4 , 25 mM NaHCO 3 , and 10 mM glucose, gassed with 95%͞5% O 2 ͞CO 2 mixture. The slices were rinsed several times, transferred to homemade Plexiglas chambers, and then continuously superfused with the oxygenated buffer at a rate of 0.5 ml͞min. The perfusate collected during the first 30 min was discarded, and subsequent superfusion fluid was collected in 1.25-ml (2.5-min) fractions. Antagonist͞agonists were added at the fifth collection period.
Immunocytochemistry. A rabbit polyclonal antibody specific for the rat ␤3 subunit was generated. The peptide sequence, AVRGKVSGKRKQTPASDGER, beginning at residue 373 of the preprotein, was selected in the variable portion of the rat ␤3 subunit cytoplasmic loop. This sequence shows no similarities with any of the other nicotinic subunits. Rabbit immunizations were performed by Eurogentec (Seraing, Belgium). Antibodies were purified from serum on ␤3-peptides coupled to active ester agarose.
Adult rats (350 g) were killed by intracardiac perfusion of saline solution, followed by a solution of 4% paraformaldehyde. The brains were dissected out and postfixed overnight. Sections of 50 m were cut with a vibratome. Free-floating brain sections were prepared and used in immunocytochemical experiments as described elsewhere (33) . The localization of anti-␤3 immunoreactivity was revealed by a reaction of peroxidase͞diaminoben-zidine.
Statistical Analysis. The probability of all the possible association of pairs of subunits was calculated with the 2 test of association. The associations not mentioned in the text are not statistically significant.
Values are the mean Ϯ SEM. Values in brackets are [min, max]. Unless otherwise specified, statistics correspond to MannWhitney (nonparametric) test. Seven neurons have been excluded from analysis but their inclusion in statistical analysis changed only mildly the average͞SEM values and probability in comparative tests.
Results

Expression of nAChR Subunits in Single
Neurons. Patch-clamp recordings were performed in 92 neurons of the LC. The presence of transcripts coding for individual nAChR subunits was examined by single-cell RT-PCR in 35 of these neurons. The probes for the nicotinic subunit mRNAs were directed against portions of the gene separated by an intron to avoid signal contamination by genomic DNA. These probes detected all subunits in RT-PCR from 0.5-1 ng of whole-brain total RNA (34) and could detect tens of cDNA copies in dilutions from rat plasmid cDNA (data not shown). The PCR-generated fragments were confirmed by restriction analysis (see Methods).
The ␤2 subunit was present in all neurons, and the ␤3, ␣6, and ␣4 subunits were present in more than 50% of the neurons sampled (77%, n ϭ 27; 69%, n ϭ 24; 60%, n ϭ 21, respectively).
The subunits ␣3, ␤4, and ␣5 were found in less than 50% of the sample (49%, n ϭ 17; 42%, n ϭ 15; 39%, n ϭ 13, respectively). ␣7 was found in only seven neurons (20%) and ␣2 was found in a single neuron.
The subunits were not distributed randomly in the population of neurons (Fig. 1) . A significant association was found between the subunits ␣6 and ␤3 (P ϭ 1.0 ϫ 10
Ϫ4
). ␣3 and ␤4 also were found significantly associated (P ϭ 4.5 ϫ 10
Ϫ6
) and the pair ␣3␤4 often was associated with ␣5 (P ϭ 1.5 ϫ 10
Ϫ2
). The ␣7 subunit was found to be excluded from neurons expressing ␣3 and ␤4 (P ϭ 4.5 ϫ 10
). Examination of the expression pattern allowed us to distinguish two populations of neurons. The neurons expressing ␣3 and ␤4 were referred as type A (n ϭ 14). In four neurons, only ␣3 (n ϭ 3) or only ␤4 (n ϭ 1) was detected; these cells were not included in the rest of the analysis. Type A neurons expressed frequently ␣4, ␣5, ␣6, and ␤3 ( Fig. 2A) . The neurons containing ␣6 or ␤3, but neither ␣3 nor ␤4, were named type B (n ϭ 14). These type B neurons also sometimes contain ␣4 and ␣7 (Fig.  2 A) . A fraction of neurons expressing ␣5 did not express ␣3 nor ␤4 but always expressed ␣4 (n ϭ 3). Three cells did not contain ␣3, ␤4, ␣6, or ␤3 but contained only ␣4␤2 (with ␣2, ␣7, or ␣5; n ϭ 1 for each) and were not included in the rest of the analysis. ). Furthermore, the cell capacitance was significantly lower (44.5 Ϯ 2.2 pF , n ϭ 14, vs. 63.0 Ϯ 3.6 pF , n ϭ 14, P ϭ 2.0 ϫ 10
Ϫ4
) compared with type B neurons, indicating a smaller size of the electrical compartment of cell soma and proximal dendrites. This was consistent with the visual examination of the recorded neurons: type A neurons tended to be of smaller size with a round or multipolar soma whereas type B neurons presented generally a larger size and elongated shape.
The pharmacology of the nicotinic responses was tested with consecutive applications of 10 M nicotine and cytisine, which permit ␤2-and ␤4-containing nAChRs to be discriminated (16) . Only two consecutive applications per cell were used for optimal cytoplasm retrieval and RT-PCR (see Methods).
The type A neurons presented larger responses to nicotine than the type B neurons (336 Ϯ 76 [110-801] pA, n ϭ 8, vs. 137 Ϯ 16 pA, n ϭ 9, P ϭ 5.3 ϫ 10
Ϫ3
), and nicotine elicited smaller currents than cytisine (Fig. 3 A and B) . On the other hand, cytisine was less efficient than nicotine in type B neurons (Fig. 3 A and B) . Therefore, the difference in subunit expression was also reflected in the pharmacology of the nicotinic responses recorded at the level of the cell soma.
We then confirmed the link between cell capacitance and pharmacology in another set of neurons without RT-PCR. All the cells with a capacitance below 45 pF are expected to express ␣3␤4 (see results above), with cytisine being a more efficient agonist than nicotine, whereas the reverse should be true in cells with a capacitance above 65 pF. Neurons with a capacitance below 45 pF presented a nicotine͞cytisine ratio of 0.81 Ϯ 0.16 (n ϭ 6), to be compared with the ratio of 0.77 Ϯ 0.13 (n ϭ 5) in the set of type A neurons. Neurons with a capacitance higher than 65 pF presented a significantly higher nicotine͞cytisine is expressed in all neurons. Significant association of subunits is observed for ␣6 and ␤3, ␣3 and ␤4, and ␣3␤4 and ␣5. Significant exclusion of subunits is observed for ␣7 and ␣3␤4. Significant association (E, P Ͻ 5%; EE, P Ͻ 1%) and significant exclusion ‫,ء(‬ P Ͻ 5%) are given. ratio of 1.92 Ϯ 0.46 (n ϭ 6), to be compared with the ratio 1.79 Ϯ 0.26 (n ϭ 7) in type B neurons (Fig. 3 B and C) .
All the nicotinic responses tested were inhibited by the nicotinic antagonists dihydro-␤-erythroidine (dose, 1-10 M, n ϭ 9) or mecamylamine (dose, 10-30 M, n ϭ 5). The presence of ␣7-nAChR-mediated nicotinic responses (29) was examined with fast (5-to 20-ms) application of acetylcholine (1 mM, n ϭ 8) and choline (10 mM, n ϭ 4). These compounds only elicited responses with a slow onset (not shown). None of these responses was sensitive to 20 nM methyllycaconitine, an antagonist of ␣7-containing nAChRs. This is consistent with the observation that no ␣7 mRNA could be detected in these cells.
Properties of nAChRs Modulating Noradrenaline
Release. The pharmacological profile of nAChRs in the cells then was compared with that of nAChRs modulating the release of noradrenaline from nerve terminals. The rat hippocampus receives a large, noradrenergic innervation that originates exclusively in the LC. Slices from the hippocampus were loaded with tritiated noradrenaline, and the efflux of radioactivity elicited by nicotinicagonist perfusion was monitored (Fig. 4) . Nicotine or cytisine (10 M) elicited a small efflux of tritium whereas, at higher concentrations, nicotine (100-300 M) elicited a larger efflux of tritium than cytisine (Fig. 4) . Tetrodotoxin (TTX, 1 M) blocked 70% of the neurotransmitter release, indicating that the largest fraction of tritium release was due to the activation of preterminal nAChRs (27) . Nicotine (100 M) also was found to be more potent than cytisine in the presence of 1 M TTX, indicating that presynaptic nAChRs on noradrenergic terminals presented the same pharmacology as preterminal nAChRs (see Discussion). No effect of nicotine could be observed when extracellular calcium was omitted or when slices were preincubated with nisoxetine (300 nM), a blocker of noradrenaline uptake (not shown). The effect of nicotine was blocked by 30 M mecamylamine (n ϭ 5, not shown).
␤3 Immunoreactivity in the Hippocampus. Because ␣6 and ␤3 are the prevalent subunits in the LC, they might be components of the nAChRs in noradrenergic terminals in the hippocampus. The distribution of the ␤3 subunit in hippocampus was assessed by immunocytochemistry. Whereas preimmune serum gave no detectable signal above background (see Fig. 5 ), the purified specific antibody largely stained the hippocampus. No somatodendritic labeling was detected, indicating that the signal is mainly due to afferent projections. The stratum oriens and stratum lucidum were strongly labeled, the stratum radiatum presented a medium labeling, and the pyramidal cell layer was almost devoid of staining. The staining of the dentate gyrus was similar. The stratum moleculare and stratum lacunosum moleculare presented a strong labeling, whereas the polymorph and granular layers exhibited a weaker labeling. This pattern of labeling was strongly reminiscent of the density of noradrenergic terminals (35) , suggesting that ␤3 protein is located on the LC afferents.
Discussion
The present study shows that nAChRs are differentially distributed in LC neurons. At least two different types of neurons (types A and B) of different size, different nAChR subunit mRNAs expressed, and different nicotinic pharmacology have been distinguished. In contrast, one class of nAChRs was detected in the noradrenergic terminals in the hippocampus.
The composition of nAChRs in noradrenergic neurons may not be inferred directly from the presence of nAChR subunit transcripts, and because these neurons expressed, in general, more than one pair of subunits, it is likely that multiple subtypes of nAChRs coexist in single cells. However, regularities in the coexpression of subunits coupled with simple pharmacological characterization suggests the predominance of specific subtypes of nAChRs oligomers.
Predominance of ␤2, ␣6, and ␤3 nAChRs Subunits. The presence of ␣6, ␤3, and ␤2 mRNAs in the LC is in agreement with previous in situ hybridization studies that detected a high level for these mRNAs in the LC (6). These mRNAs generally were found to be coexpressed in various brain structures (catecholaminergic nuclei, reticularis thalamus, medial habenula, and mesencephalic V nucleus). With the use of single-cell RT-PCR, we show here that these subunits are coexpressed in single neurons that are sensitive to nicotine. This provides a new argument in favor of the assembly of these subunits into functional nAChRs. Each of the subunits, ␣6, ␤2, and ␤3, may participate in functional nAChRs (14, (36) (37) (38) . Moreover ␣6 and ␤3 have been shown to form functional oligomers (together with ␤2 and ␤4) in the chicken retina (14) . The expression of these subunits in most of the LC neurons tested suggests the frequent occurence of nAChRs containing these subunits in the noradrenergic neurons.
The subunit ␣4 mRNA is also expressed in a large number of neurons. However, the small amount of mRNA for this subunit detected in the LC by in situ hybridization (2, 6) suggests a minor role of this subunit in the LC, though there may be a difference between the abundance of mRNA and the abundance of protein.
Two Principal Populations of Noradrenergic Neurons in the LC.
The single-cell RT-PCR experiment demonstrates the existence of at least two populations of noradrenergic neurons in the LC, characterized by the presence (type A) or the absence (type B) of transcripts coding for the nAChR subunits ␣3 and ␤4.
The first population, type A, contains neurons that express ␣3 and ␤4 subunits. These neurons generally presented a smaller size and multipolar shape. They have, on average, a higher membrane resistance and smaller cell capacitance than the other cells. The nAChRs in these neurons are activated by cytisine, a property typical of ␤4-containing nAChRs (16, 39) ; because the subunit ␤2 is also expressed in these neurons, this indicates a minor contribution of ␤2-containing (non-␤4) nAChRs to the nicotinic currents recorded at the level of the cell soma. The currents resulting from the activation of ␤2-containing nAChRs could be hidden by the large currents resulting from the activation of ␤4-containing nAChRs. Accordingly, the nicotinic currents are larger in these cells than in the type B neurons. Finally, the systematic coexpression of ␣3 and ␤4 and the frequent expression of ␣5 in the same population of neurons suggest that these three subunits assemble together in the LC, as observed in other neuronal populations (9, 12, 13).
The LC neurons belonging to the type B population do not express ␣3 or ␤4 mRNAs but generally express the subunits ␣6, ␤3, and ␤2. These neurons generally display a large fusiform shape and, on average, have a larger cell capacitance and a smaller membrane resistance. Cytisine is a weak agonist of the nAChRs activated by local application, indicating that most, if not all, of the nAChRs in these cells contain the ␤2 subunit (16, 17) . We propose, in addition, that the main nAChR isotype of these neurons contains the subunits ␣6 and ␤3. However, the frequent expression of ␣4 mRNA in this population also suggests the participation of this subunit in the pool of nAChRs in a fraction of cells.
The nAChRs in the Noradrenergic Terminals in the Hippocampus. We have compared the pharmacological profile of nAChRs recorded in the LC with nAChRs in noradrenergic nerve terminals. Previous work on GABAergic nerve terminals has led to the distinction of presynaptic and preterminal nAChRs: preterminal nAChRs increase the release of neurotransmitter, and their effect is sensitive to the blockade of sodium channels by TTX. Preterminal receptors are located upstream to the release sites (27, 40, 41) . Presynaptic nAChRs increase the release of neurotransmitter but this effect is resistant to the blockade of sodium channels (28, 42, 43) . Presynaptic nAChRs thus are likely to reside near the release site and correspond to the nAChRs recorded in synaptosomes (see review in ref. 44) .
Both presynaptic and preterminal nAChRs are present in noradrenergic nerve terminals. In agreement with previous studies (24, 45) , we found that TTX blocks 70% of the release induced by nicotine from slices, indicating that activation of preterminal nAChRs accounts for the largest fraction of the release in this preparation. The TTX might also block the recruitment of hippocampal interneurons (46) . However, nAChRs in these neurons are more likely to be ␣7-containing nAChRs (29, 46) , and the contribution of such nAChRs on noradrenaline release is not visible in the slice preparation (24, 45) . Cytisine and nicotine at the concentration used in patchclamp experiments (10 M) only elicited a small response in efflux experiments. However, because the whole slice is likely to contribute to noradrenaline release, the efficacy of the drug may not be compared with the patch-clamp experiments performed in superficial neurons. Cytisine (100-300 M) is less potent than nicotine in the presence or in the absence of TTX, indicating the prevalence of ␤2-containing nAChRs at preterminal and presynaptic levels. ␤4-Containing nAChRs also could be present in some noradrenergic nerve terminals in a synaptosomal preparation (23) , which is likely to be enriched in presynaptic vs. preterminal receptors. However, in a similar preparation, the ␣3␤4-subtype-specific toxin AuIB blocked only 30% of the release of noradrenaline (47) .
The potent blockade of nicotine-evoked noradrenaline release by the subtype-specific neuronal bungarotoxin has led to the proposal that ␣3␤2 nAChRs might account for most of the hippocampal nAChRs in noradrenergic terminals (24) . However, given the high-sequence identity of the ␣3 and ␣6 nAChR subunit (48), ␣6␤2-containing nAChRs also could be sensitive to the neuronal bungarotoxin.
The presence of ␤3 immunoreactivity in the hippocampus suggests that this subunit may also contribute to form nAChRs in noradrenergic terminals. Neurons in the hippocampus do not express ␤3 (6, 49) , and the LC is the only nucleus that expresses ␤3 and provides a dense projection to the hippocampus. Moreover, the pattern of ␤3-like immunoreactivity matches with the density of noradrenergic terminals visualized with tritiated noradrenaline (35) . Sequence resemblance (38, 48, 50) indicate that ␤3 could play within the ␣6␤2␤3 oligomer, a role analogous to that of ␤1 in the muscle ␣1␥␦␤1 oligomer (6) . Therefore, we propose that ␤3, together with other subunits like ␣6␤2, con-tributes to the formation of nAChRs in noradrenergic nerve terminals in the hippocampus.
Relevance of nAChR Distribution. The morphology of LC neurons may be related to their area of projection. The ''core cells'' are medium-sized multipolar neurons that innervate multiple brain regions (hippocampus, cortex, cerebellum, hypothalamus, etc.), whereas larger neurons innervate more restricted areas in the brain; notably, the large fusiform neurons generally project to the hippocampus and to the cortex (51) . The analogy in cell morphology suggests that the type A neurons are ''core cells.'' Conversely, most of the type B neurons would be the large fusiform cells that project to the hippocampus or the cortex.
Using local injection of nicotinic antagonists in the cerebral aqueduct in vivo, Fu et al. (46) suggested that systemic nicotine raises hippocampal noradrenaline levels by activating mostly ␤2-containing nAChRs in the LC, with only a minor contribution of ␤4-containing nAChR subtypes. In light of our results, the nicotinic activation of the ceruleo-hippocampal pathway thus is likely to involve mostly activation of nAChRs in type B neurons. Together with the results of tritiated noradrenaline efflux in hippocampal slices, this also suggests that ␤4-containing nAChRs only play a minor role in the modulation of the hippocampal noradrenergic innervation.
The physiological relevance of the existence of two types of LC neurons with different nAChR expression patterns is unclear. These cells could receive a cholinergic innervation from different sources and be differentially activated depending on the state of animal's arousal. Alternatively, the difference could be physiologically relevant at the level of nerve terminals, where regional variations in the relative abundance of terminals arising from ␣3␤4-expressing neurons and non-␣3␤4-expressing neurons could provide a region-specific presynaptic regulation of noradrenaline release.
Conclusion
In summary, our study has allowed us to discriminate two populations of LC neurons with distinct patterns of expression of nAChR subunits and distinct electrophysiological and pharmacological characteristics. This study notably stresses the predominance of putative ␣6␤3␤2-nAChRs in the LC and the limited role of (␣3)␤4-containing nAChRs in the regulation of noradrenaline release in the hippocampus. The presence of multiple subtypes of nAChRs in the LC may reflect the complexity and possibly the physiological importance of the cholinergic control of the noradrenergic system in the brain. Nicotine acts as a cognitive enhancer by several manners, including the potentiation of hippocampal synaptic transmission (43) . The elucidation of nAChR diversity in the ceruleotelencephalic systems paves the way toward a targeted pharmacology, able to handle the nicotinic properties in cognitive enhancement.
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